We present radio imaging observations of supernova remnant 1987A at 9 GHz, taken with the Australia Telescope Compact Array over 21 years from 1992 to 2013. By employing a Fourier modeling technique to fit the visibility data, we show that the remnant structure has evolved significantly since day 7000 (mid-2006): the emission latitude has gradually decreased, such that the overall geometry has become more similar to a ring structure. Around the same time, we find a decreasing trend in the east-west asymmetry of the surface emissivity. These results could reflect the increasing interaction of the forward shock with material around the circumstellar ring, and the relative weakening of the interaction with the lower-density material at higher latitudes. The morphological evolution caused an apparent break in the remnant expansion measured with a torus model, from a velocity of 4600 +150
INTRODUCTION
The remarkable supernova (SN) 1987A in the Large Magellanic Cloud has enabled detailed studies of many fields in astrophysics, from massive star evolution to the SN explosion mechanism to the earliest stage of supernova remnants (SNRs; see reviews in Immler et al. 2007 ). As well as being the brightest SN over the past 400 yr, SN 1987A was a highly unusual event. In particular, the progenitor was surrounded by a peculiar triple-ring nebula (Burrows et al. 1995) , which could have resulted from a binary merger of the progenitor 20000 yr prior to the explosion (Morris & Podsiadlowski 2007) . Over the past decade, the remnant has undergone a major evolution since the shock collision with the inner equatorial ring, resulting in rapid brightening of the radio and soft X-ray emission (see Zanardo et al. 2010 , Helder et al. 2013 and references therein).
Radio emission of SNR 1987A is believed to be nonthermal synchrotron radiation emitted by energetic particles accelerated in shocks. Since the remnant emerged in mid-1990 (Turtle et al. 1990 1992), it has been monitored regularly at different frequencies using the Australia Telescope Compact Array (ATCA; see Staveley-Smith et al. 2007 , Zanardo et al. 2010 , and references therein). The flux density was found to have increased exponentially from day 5000 to 8000 with a progressively flatter spectrum (Zanardo et al. 2010 ), indicating increasingly efficient particle acceleration processes.
ATCA imaging observations at 9 GHz have been taken about twice a year since 1992 (Gaensler et al. 1997 , Manchester et al. 2002 , Ng et al. 2008 . With the source flux increase and various upgrades to the telescope, the remnant has been resolved at progressively higher frequencies, from 18 GHz to 36 GHz to 44 GHz to 94 GHz (Manchester et al. 2005 , Potter et al. 2009 , Zanardo et al. 2013 , Lakićević et al. 2012 , and also with very long baseline interferometry VLBI at 1.4 GHz and 1.7 GHz (Tingay et al. 2009 , Ng et al. 2011a . The remnant shows similar structure at all these frequencies, and can be described as a thin shell with an asymmetric surface brightness distribution along the east-west direction. A thin-shell model was used to quantify the remnant structure in early studies (Staveley-Smith et al. 1993b , Gaensler et al. 1997 ). N08 developed a threedimensional (3D) torus model that can capture the latitude extent of the emission and the east-west asymmetry. Fitting the torus model to observations between 1992 and 2008, a linear expansion of ∼ 4000 km s −1 was found up to day 8000, which is in contrast to the deceleration of the X-ray remnant observed around day 6000 (Racusin et al. 2009 , Helder et al. 2013 .
In this paper, we report on the latest evolution of the Figure 1 for the listed epoch.
radio morphology of SNR 1987A up to day 9568 after the SN explosion, using 9 GHz ATCA imaging observations taken from 1992 January to 2013 May. The observations and Fourier modeling scheme are described in Sections 2 and 3, respectively, the modeling results are presented in Section 4 and we infer the remnant expansion rate in Section 5. The physical implications of the results are discussed in Section 6.
2. OBSERVATIONS AND DATA REDUCTION Radio imaging of SNR 1987A at 9 GHz have been carried out for 21 yr since 1992 using ATCA in the 6-km array configuration, with a typical on-source time of ∼10 hr for each observation. In this paper, we analyze the remnant evolution in light of datasets recorded to date, which include recent observations taken since the Compact Array Broadband Backend (CABB; Wilson et al. 2011 Wilson et al. ) upgrade in mid-2009 Table 1 ). The gray scale is linear ranging from 0 to 16 mJy beam −1 and the contours are at levels of 2, 5, 10, and 15 mJy beam −1 . The synthesized beam, which has an FWHM of 0. ′′ 4, is shown in the first panel. The typical rms noise level is 0.05 mJy beam −1 .
each, for a consistent comparison with previous data. Note that the dataset taken on 2012 December 9 was affected by a storm, leaving only 6 hr of on-source time. It was not used in this study, because the u-v sampling is inadequate for high-fidelity imaging, resulting in large rms noise in the final maps (0.5 mJy beam −1 ) All data were reduced using the MIRIAD package (Sault et al. 1995) . After standard flagging and calibration, we employed self-calibration on data taken after 1996, when the source was detected with a high signal-to-noise ratio (see Gaensler et al. 1997; N08) . The visibility data were averaged with five-minute intervals. The intensity maps formed from the visibility were deconvolved using a maximum entropy algorithm 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 δ 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 000000000000000000 Figure 1 shows the resulting images. The remnant morphology can be described by a circular shell with two bright lobes. The eastern lobe is always brighter than the western lobe. Over the epochs, the remnant has brightened significantly and exhibited a clear expansion.
3. FOURIER MODELING We followed previous studies (e.g., Staveley-Smith et al. 1993b , Gaensler et al. 1997 N08) to assess the remnant geometry in the u-v plane with the Fourier modeling technique. This can give more robust measurements than directly fitting a model in the image plane, since the Fourier domain is where the visibility data are taken and the measurement errors are uncorrelated. We employed two models in this study: a 3D torus as developed by N08 and a two-dimensional (2D) thin elliptical ring.
The torus model is illustrated in Figure 2 . It is a truncated shell with eight fitting parameters: flux density, center position (right ascension and declination), radius, half-opening angle (θ), thickness (as a fraction of the radius), slope (in %) and direction (φ) of a linear gradient in the surface emissivity. The actual fitting was performed with a modified version of the MIRIAD task UVFIT (see N08 for details). As an update to the modeling, we employed the 9 GHz light curve reported by Zanardo et al. (2010) to account for the time-of-flight effect that causes the near side of the remnant to appear brighter than the far side. This gives slightly different results compared to N08, however, we emphasize that the differences are minimal and within the uncertainties.
While N08 obtained confidence intervals of the fitting parameters using a simple bootstrapping technique, we note that the bootstrap samples may not be representative of the true population, and other techniques, such as subsample bootstrapping, are needed (see Kemball & Martinsek 2005) . To avoid complications, we determined the confidence intervals from the covariance matrices. There are a few cases for which this method fails to give sensible results because the best-fit parameters are near the boundaries. We then estimated the confidence intervals by plotting out the χ 2 distribution. In addition to the torus model, an elliptical ring model was also employed to compare with that used in X-ray studies (Racusin et al. 2009 , Helder et al. 2013 . As in the torus model, we included a linear gradient in the surface emissivity to account for the observed east-west asymmetry. The ring model has seven fitting parameters: flux density, center position, semi-major axis (R 1 ), semiminor axis (R 2 ), and degree and direction of the gradient. The model is illustrated in Figure 2 . Since the system is known have an inclination of ∼45
• to the line of sight (e.g., Sugerman et al. 2005) , we first tried fitting with the ring's aspect ratio fixed at R 2 /R 1 = 0.7, but found that it gives slightly worse statistics than the torus fits. We then allowed both R 1 and R 2 to vary, which improves the results and gives comparable χ 2 values to the torus model. Same as the torus fits, confidence intervals of the best-fit parameters were determined from the covariance matrix.
RESULTS
The best-fit model parameters are listed in Tables 2  and 3 . As an example, we show in Figure 3 images of the best-fit torus and ring models compared with the actual radio map taken on 2012 September 1, and the maps of the residual (i.e. data minus model) visibilities. The models have successfully captured the characteristic structure of the remnant. With one extra fitting parameter, the torus model provides slightly better fits to the data than the ring model. However, we cannot determine whether the difference in statistics is significant, since the standard F -test does not apply here. As shown in Figure 3 , the ring model underpredicts the flux density at the remnant center, but provides a better fit to the northern rim than the torus model. Time evolution of the best-fit flux density, radius, opening angle, and degree of asymmetry, which is obtained from the slope of the gradient, are plotted in Figure 4 . The torus radius increased linearly at the early epochs until a clear break at day ∼7000. After that, the expansion rate was significantly reduced. It is intriguing that around the same time when the break occurred, both θ and the asymmetry began to decrease. Since day ∼7500 the model flux density increases at a lower rate than the exponential fit given by Zanardo et al. (2010) . For the other parameters not shown in the figure, the torus thickness is not well determined from the fits. As reported by N08, this is likely smaller than the resolution of the 9 GHz observations (see also Ng et al. 2011a) . The direction of the linear gradient, which identifies the asymmetry of the surface brightness, remains mostly constant over the epochs.
For the ring model fit, it is clear from Figure ( 4b) that R 1 is always smaller than the torus radius. When compared to the X-ray radius reported by Helder et al. (2013) , R 1 has a similar size between days 6000 and 7500, and it is larger after day 7500. Over time, R 1 increases linearly without obvious deceleration. In contrast, R 2 exhibits a break around day 7000, as did the torus radius. This results in a decrease in the ratio R 2 /R 1 , which shows a remarkably similar trend to that of θ (Figure (4c) ). The ring and torus fits give nearly identical flux densities, and both suggest a decreasing trend in the degree of asymmetry since day ∼7500. For completeness, we also show in Figure 5 the best-fit R 1 and R 2 from the ring fitting with a fixed aspect ratio. We obtained larger R 1 and smaller R 2 as compared to the ring fit with varying aspect ratio, and there is a hint of a break in the expansion around day 7500.
RATE OF EXPANSION
The torus fitting results shown in Figure (4b) suggest a possible deceleration of the remnant. We therefore followed Racusin et al. (2009) to fit the radius evolution with a broken-linear function. Only observations after day 4200 were used here, since we are most interested in the late evolution of the remnant. We note that the radius measurements in Table 2 have statistical uncertainties of the order of 0.
′′ 001, much smaller than the scatter from measurement to measurement. We therefore added in quadrature systematic uncertainties of 0.
′′ 005 to the measurements errors. This value was chosen to give a reduced χ 2 value of about 1 for the broken-linear fit. We have tried different values from 0 to 0.
′′ 05 and confirm that our results are independent of the choice. Table 4 lists the best-fit expansion velocity and transition day. Uncertainties quoted are 68% confidence intervals determined using a bootstrapping technique (Efron & Tibshirani 1993 ) with 10000 simulations. The break in the expansion of the torus model occurred on day 7000 +200 −100 , and was the same as R 2 of the ring model (day 7000 ± 300). However, R 1 shows no breaks and a (a) Model flux densities at 9 GHz. Systematic uncertainties of 5% (Zanardo et al. 2013 ) are combined with the statistical uncertainties at a 68% confidence level.
The solid line is the exponential fit from Zanardo et al. (2010) . (b) Best-fit radius of the torus model and semi-major (R 1 ) and semi-minor (R 2 ) axes of the ring model, compared with the X-ray radius reported by Helder et al. (2013) .
Systematic uncertainties of 0. ′′ 005 are combined with the statistical uncertainties at 68% confidence level.
The solid lines are the best-fit expansion rates in Table 4 . (c) Best-fit torus halfopening angle θ compared with the ratio R 2 /R 1 of the ring model. simple linear fit is statistically preferred. Finally, the ring fit with a constant aspect ratio suggests a somewhat later transition at day 7600 ± 200. At a source distance of 51.4 kpc (Panagia 1999) , the torus fits suggest expansion velocities of v 1 = 4600 +150 −200 km s −1 and v 2 = 2400 +100 −200 km s −1 before and after the break, respectively. While v 1 is larger than the expansion rate 3890 ± 50 km s −1 of R 1 , both values are consistent with the result of 4000 ± 400 km s −1 reported by N08. Similar to the torus radius, the expansion velocity of R 2 decreased by nearly 50%, from 3300 km s −1 to 1750 km s −1 , after the break.
6. DISCUSSION Non-thermal radio emission from SNRs traces the particle acceleration in shocks. Theories suggest that the emission is generally distributed between the forward and reverse shocks (e.g., Jun & Norman 1996) . When the shocks of SN 1987A travel outward and encounter the equatorial ring, we expect the radio-emitting region to have a complex structure in 3D (e.g., Suzuki et al. 1993 , Luo et al. 1994 , Blondin et al. 1996 , with components from both high-latitude material above the equatorial plane and the ring itself. To characterize the remnant geometry, we have carried out Fourier modeling using a Ring semi-major axis a · · · 3890 ± 50 · · · Ring semi-minor axis 7000 ± 300 3300 ± 200 1750
Ring semi-major axis (aspect ratio fixed) b 7600 ± 200 3940 ± 70 2900 ± 100 Ring semi-minor axis (aspect ratio fixed) b 7600 ± 200 2710 ± 50 2000
a A simple linear expansion is preferred over a broken-linear fit. b Expansion of the semi-major and semi-minor axes are linked as the ring's aspect ratio is fixed during the fit. truncated-shell torus model and an elliptical thin ring model. While both provide adequate fits to the data, we should note that these models are simple parameterizations of the remnant structure, and that the geometry inferred from the fitting is model-dependent and could be systematically biased. For instance, if the actual shape of the emission resembles a crescent torus (Plait et al. 1995) , then the radius measurement obtained from our torus model would depend sensitively on θ.
One major discrepancy between the torus and ring models is the radius measurement. We find that the radius obtained from fitting a torus model is always larger than that from a ring model. This could be a projection effect due to differences in the model geometry, or the emission at high latitudes, to which the torus model is more sensitive, being physically further away from the center. For the former, consider a thin spherical shell in 3D: in the image the emission would appear to peak inside the shell radius because of projection and the finite spatial resolution of the telescope. Hence, a 3D shell model would require a larger radius compared to a simple thin ring model. Our torus model varies between a shell and a ring depending on θ (see Figure 2) . The projection effect is minimum at θ = 0, where the torus reduces to a 2D ring, and increases with θ. Given that the best-fit θ is significantly greater than zero, the above discrepancy is not unexpected. Alternatively, the radio-emitting region could have a larger radius at higher latitudes than at the equatorial plane, because the SN shock travels at a larger velocity in the low-density environment (Blondin et al. 1996) . If this is the case, any 3D models sensitive to high latitude emission, such as the torus model, will tend to give a larger radius. It is worth noting that in both scenarios above, there is a possible coupling between the torus radius and θ, and it could correspondingly impact the expansion measurement.
In previous studies, the reported radii of SNR 1987A in radio and X-rays show a 10% difference over day 5000-8000 (N08; Racusin et al. 2009 ). It was first pointed out by Gaensler et al. (2007) that the discrepancy may not be physical, but due to different measuring techniques. This idea is similar to what we have discussed above. In particular, measurements from N08 were made with a torus model, while the X-ray results were obtained from ring fitting (Racusin et al. 2009 , Helder et al. 2013 . Gaensler et al. (2007) analyzed both radio and X-ray data taken in 2004 (day ∼6300) using a consistent method and showed that the SNR sizes agree to within 1%. Our results confirm their finding: R 1 from the ring model at this epoch is fully consistent with the X-ray radius reported by Helder et al. (2013; see Figure (4b) ).
More generally, the ring fits allow a meaningful comparison between the radio and X-ray SNR radii. From Figure ( 4b), the radius of the radio remnant has exceeded that of the X-ray counterpart since day ∼7500. This is also supported by the torus fits: Ng et al. (2009) employed the same torus model as ours to fit the X-ray data taken on 2008 April (day 7736), and found that it provides a slightly better fit than a simple ring, with a radius of 0.
′′ 82 ± 0. ′′ 02 and θ = 26
• ± 3
• . Both values are smaller than what we have obtained for the radio remnant at the same epoch (0.
′′ 89 ′′ and 36.
• 2, respectively; Table 2 ), suggesting a smaller extent of the remnant in X-rays than in radio. This agrees with the simulation results (Jun & Norman 1996) . In addition, the radio emission may partly originate from fast shocks at high latitudes that have not yet decelerated. This scenario can help explain the fact that the radio remnant has appar-ently expanded beyond the optical inner ring with radius ∼ 0.
′′ 85 (Plait et al. 1995) . Figure (4c) shows that θ started to decrease at day ∼7000, as did the ratio R 2 /R 1 of the ring model. The results suggest that the radio emission from lower latitudes has gradually dominated, which could be a consequence of shock interaction with the dense circumstellar medium in the equatorial ring. If the contribution of radio emission from high latitudes continues to diminish, then we would expect the radius estimates from both the torus and ring models to converge eventually.
The morphological evolution of SNR 1987A was accompanied by a reduction in the degree of surface brightness asymmetry. Since the radio remnant first emerged, the eastern lobe has always been brighter than the western one (see Figure 1) , and this has been attributed to faster shocks in the east (e.g., Gaensler et al. 1997; N08) . This scenario is supported by the significantly higher expansion velocities of the eastern lobe measured from radio observations at higher frequencies (Zanardo et al. 2013) , and by the higher shock temperature found in the east from X-ray studies ). The faster shock in the east is expected to encounter the equatorial ring, slow down and exit the ring earlier than in the west. This would reduce the radio emissivity in the eastern rim and hence the overall brightness asymmetry. If the observed trend continues, the western hemisphere of the radio remnant may become brighter than the eastern hemisphere in a few years, as predicted by 3D simulations of the expanding remnant (T. M. Potter et al. 2013 in preparation) . The same picture could also be applied to the X-ray emission, which exhibits similar variations in the projected brightness distribution (Ng et al. 2011b) .
In X-rays, Helder et al. (2013) reported drastic deceleration of the SNR from 8500 km s −1 to 1820 km s −1 on day ∼5900. However, we do not find conclusive evidence for a similar deceleration in the radio emission. In particular, R 1 from the ring fit shows a constant expansion at 3890 km s −1 . For the torus fit, while Figure (4b) suggests a break in the expansion, the coupling between the radius and θ described above makes the interpretation difficult. If the apparent break is physical, it would well match the deceleration of the reverse shock predicted by onedimensional hydrodynamic simulations (see Figure 9 of Dewey et al. 2012 ). However, we believe that the break is likely caused by the decreasing trend in θ. Hence, it reflects a change of the emission geometry rather than the slowing down of the shock. Observing a deceleration of R 1 in future will confirm this picture. This also gives a prediction that once θ stops shrinking, the torus radius expansion rate should return to the same value as that measured for R 1 .
CONCLUSION
We have studied the evolution of the radio remnant of SN 1987A using ATCA 9 GHz imaging observations taken between 1992 and 2013, and have carried out Fourier modeling on the visibility data to quantitatively measure the remnant structure. A truncated-shell torus model and an elliptical ring model were used to fit the remnant morphology. They both suggest a gradual decrease in the latitude extent of the remnant starting from day ∼7000, implying that the radio emission from the equatorial region has progressively dominated. This has been accompanied by a decreasing trend in the brightness asymmetry in the east-west direction. Together these could indicate a new stage of the remnant evolution, such that the forward shock has fully engulfed the entire inner ring and is now interacting with the densest part of the circumstellar medium.
As a direct comparison between the torus and ring model fits, they give similar results for most parameters, but the former always suggests a larger radius. The discrepancy could be attributed to the projection effect or emission at high latitudes to which the torus model is more sensitive. This also leads to different expansion measurements. While the torus fit shows a break in the expansion around day 7000 with the velocity slowing down from 4600 km s −1 to 2400 km s −1 , the ring fit indicates a constant expansion rate of 3890 km s −1 . We argue that the apparent break could be the result of coupling between the torus radius and opening angle. We expect in the future when the latter stays constant, both the torus and ring fits should give consistent expansion velocity. Further observations at higher resolution (with VLBI or ALMA for example) would be useful in understanding the true 3D nature of the evolving remnant, and the time and latitude dependence of the expansion velocity.
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